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Geochemistry of Cave Pools in the Guadalupe Mountains, NM: Implications for Geomicrobiolgy
Ara S. Kooser
BA in Chemistry Knox College
ABSTRACT
The study of the chemistry of waters in cave pools in the Guadalupe Mountains, NM was 
conducted to determine the variation in cave pool water geochemistry, explain hydrogeologic 
variations in a geologic context, identify the processes that control cave pool hydrologic variations 
and determine geochemical controls on modern and paleo-bacterial communities. Structural  studies 
indicate cave pools align along NE and NW structures in the karst system. The intersection of 
Permian structures and Cenozoic related structures provide pathways for infiltrating water. Water 
samples were collected from 19 new cave pools; the results were integrated with published 
geochemistry from 192 cave pools, aquifer samples, and surface sites. The waters were analyzed for: 
major and minor ions, modeled to explain flow paths, connected with structural data, examined for 
thermodynamic potential to support metabolic reactions, and to elucidate the relationship between 
current geochemistry and presence of biothems (biogenically mediated speleothems, including pool 
fingers). Infiltrating waters dominant the character of the cave pool waters. Variations in geochemistry 
of the cave pools can be explained by several geochemical processes: 1) infiltrating water-rock 
interactions 2) outgassing of CO2  3) precipitation of minerals and 4) evaporation. The 
thermodynamic data of available energy for use by microbial communities predicted the potential for 
nitrate, nitrite, oxygen, and sulfate to be used as terminal electron acceptors. The geochemical trends 
of pools containing biothems showed no connection between pool geochemistry and the presence of 
biothems. The small number of processes governing the variation in geochemistry give rise to a 
complex, unique geochemical signature and history for each cave pool thus unique microbial 
communities.
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Figure 1. Generalized diagram of cave pools in the Guadalupe Mountains. The diagram 
shows idealized flow paths for infiltrating water through fractured and fault limestone rock. 
Several types of pools are represented including: pools on geologic structures, waters derived 
from bedrock interaction, waters altered by localized mineral deposits, perched pools with no 
new infiltrating water, and pools at the potentiometric surface mixing with endogenic fluids. 
Figure 2. (a) Geologic map of Southeast New Mexico showing the study area. From Geologic 
Map of New Mexico, New Mexico Bureau of Geology and Mineral Resources, 2003, Scale 
1:500,000 showing the study area with limestone and dolomite dominating the surface (b) 
Generalized stratigraphic section (from Land, et al., 2006) of the study area. 
Figure 3. Regional geologic structures in relation to CCNP caves. From Kosa and Hunt, 
2006. Two major geologic structures run parallel to the reef these are the Walnut Canyon 
syncline and Guadalupe Ridge anticline. Both structures impacts passages formation and 
development of later water flow paths. Syndepostional faults are not shown.  
Figure 4. Locations of select caves in the study area in the south-eastern corner of New 
Mexico. CC is Carlsbad Caverns, SP is Spider Cave, LC is Lechuguilla Cave, HD is Hidden 
Cave, CW is Cottonwod Cave, and HB is Hell Below.
Figure 5. Piper diagram of the geochemical database including the Guadalupe Mountain 
study area showing cave pool waters, aquifer samples, and regional surface waters from 
Sacramento Mountains. A majority of the cave pools waters are plot on the upper left hand 
side of the diamond. These waters represent a range of waters that have interacted with the 
bedrock. The outliers are pools that have undergone extreme evaporation, derived of waters 
with a heavy gypsum influence. Hydrochemical facies diagram from Beck, 1966. Black are 
waters from Lechuguilla, light blue from Carlsbad Cavern, dark blue Capitan Aquifer 
samples, grey is from Lake of the White Roses.
Figure 6. Hierarchal cluster analysis for the geochemical database showing the division of 
water chemistry into four clusters and their associated mean Stiff diagrams. The four water 
types can be described as: Mg–SO4 type water, Alkaline earth-mixed type, Mixed-HCO3-SO4 
type, and the dominate water type Mg-HCO3
Figure 7. a) Plot of first two Varimax rotated principle component scores with assigned 
geochemical axises based on loadings of the components b) PC1 and PC2 with geochemical 
processes responsible for current cave pool waters
Figure 8 Binary mixing curves for chloride to bromide mixing ratios of cave pools waters in 
the Guadalupe Mountains. Lechuguilla cave pools exhibit two trends while Carlsbad Caverns 
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data points are scattered. 
Figure 9 Stable isotope data for cave pools, springs, and regional waters in and around the 
Guadalupe Mountains. Also included are local meteoric water lines and GMWL. Most of the 
cave pool waters sampled are similar to modern Delaware Basin waters. The data plots in 
such a way that a local meteoric water line for the cave pools could be plotted given more 
data. 
Figure 10. Predominance plot of the H-Ca-CO3 system of the Guadalupe Mountains cave 
pools. The black circles are from Lechuguilla Cave, green circles are from Carlsbad Caverns, 
purple are High Guads samples, and blue are Capitan Aquifer samples. The plot shows that 
the majority of cave pool waters plot in the calcite field which is consistent with the SI 
Calcite calculations and infiltrating groundwater moving through dolomitized limestone. 
The black rectangle is the range of measured atmospheric in Carlsbad Cavern. 
Figure 11. Mineral stability plot with the log activity of Ca2+ plotted against the pH of cave 
pool waters. The majority of the waters plot in the calcite stability field. This is consistent 
with the SI Calcite calculations, geochemistry, and field observations. 
Figure 12. Plot of calcium against alkalinity showing that the majority of waters fall under 
the 1:1 line and several pools plot above the 1:1 line. Pools above the 1:1 line have additional 
calcium input from gypsum those under the line represent more typical dolomite-water 
interactions. 
Figure 13 Graphical representation of inverse model showing how a fews simple sets of 
conditions can give rise to the range of waters groups. Circles are proportional to the number 
of moles require to satisfy the model. Blue represent dissolution and grey represents 
precipitation. Halite is present in small amounts as a mass balance requirement. 
Figure 14 Ranking of all available inorganic microbial reactions from cave pools in the 
Guadalupe Mountains. The larger black circles are a typical cave water used as a reference 
point. The available energy is a reflection of the unique geochemistry in each pool. Similar to 
the Piper diagram the available energy is spread out across a wide range. 
Figure 15 Piper diagram of the generalized geochemical processes involved in the evolution 
of infiltrated waters in the Guadalupe Mountains, NM. Five different processes govern the 
evolution of cave pool water chemistry. Three of the processes are variations on water-rock 
interactions, one is evaporating plus precipitating minerals,  finally water-rock interaction 
with precipitation of calcite. 
Figure 16 Generalized diagram of geochemical evolution of cave pools in the Guadalupe 
Mountains. This diagram shows the five geochemical processes with the water chemistry 
clusters overlaid. All the current cave pool geochemistries can be describe by these processes 
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and water grouping.
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1. Introduction
Background
The caves of the Guadalupe Mountains in southeastern New Mexico contain 
numerous cave pools that trap infiltrating meteoric water as it passes through various faults 
and fractures in the bedrock and provide a habit for microorganisms. The cave pools are 
mostly perched with respect to the water table as the pools form temporary intersections for 
water following flow paths into the aquifer. This water carries dissolved nutrients that may 
fuel microbial processes from the surface and underlying bedrock deep into the caves. The 
caves in the Guadalupe Mountains provide a window into the subsurface for examining 
groundwater flow (Palmer, 2007; Hill, 1987) and subterranean microbial communities in a 
karst aquifer system. Infiltrating water can follow many different paths as it travels through a 
cave system (Figure 1). A majority of the infiltrated cave waters in the Guadalupe Mountains 
evolve from a combination of different process such as: water-rock interaction (Levy, 2007), 
localized water-mineral interactions, evaporation, outgassing of CO2, precipitation of 
minerals (Levy, 2007), modification by bacterial communities, and human impact (Hunter 
et al., 2004). Some of the types of pools are: pools connected to the regional aquifer (Land 
and Burger, 2008), pools that were connected hydrologically and now evolving separately 
(Kooser, unpublished data 2010), and perched pools remaining from the drop of the local 
water table. The different evolutionary paths the waters take have a direct impact on current 
cave pool chemistry and the microbial communities that exist in the pools.  
Microbial communities in cave systems have been directly or indirectly linked with 
1
Figure 1. Generalized diagram of cave pools in the Guadalupe Mountains. The diagram 
shows idealized flow paths for infiltrating water through fractured and fault limestone rock. 
Several types of pools are represented including: pools on geologic structures, waters derived 
from bedrock interaction, waters altered by localized mineral deposits, perched pools with no 
new infiltrating water, and pools at the potentiometric surface mixing with endogenic fluids. 
the formation of minerals, breakdown of cave features, and subterranean soil formation. 
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(Melim et al., 2001; Spilde et al., 2005, Taborsi, 2006; Barton and Northup, 2007 and 
references; Spilde et al., 2009). Subsurface microbial communities play an important role in 
the cycling of nutrients such as carbon, phosphorus, sulfur, and nitrogen; and mineral 
transformations (Kim et al. 2004; Spilde et al. 2005).  Caves provide an environment that is 
without sunlight and that posses limited organic carbon in some areas. Under these 
conditions the microbial communities have adapted to using extremely small amounts of 
carbon, fixing the CO2 present in the cave, or mining the bedrock for inorganic electron 
sources. Understanding the metabolic strategies for survival of life in low carbon 
environments has implications for astrobiology (Boston et al. 2001), human impact on 
microbial communities and geochemical-microbial interactions. Each cave system is a natural 
geomicrobiology laboratory for studying modern interactions of microbes, water,  geology 
and examining past microbial activity. 
Paleo-microbial communities exist in the form of biothems present in cave pools 
throughout the Guadalupe Mountains (Hill, 1987; Davis et al., 1990). Biothems are cave 
formations that show evidence of biologic influence in their formation and shape 
(Cunningham et al., 1995; Queen and Melim, 2006). Cave pools typically contain several 
types of biothems: pool fingers (Melim, 2001; Queen and Melim, 2006; Liescheidt 2008, 
Melim et al., 2009), u-loops (Melim et al., 2009), pool meringue (Rust, 2004), and webulite 
(Queen and Melim, 2006; Melim, 2008). Several lines of evidence suggest that these cave 
features are biogenic in nature. Davis et al. 1990 and Melim et al. 2001 noted the pendant 
shape of pool fingers would suggest a microbial origin. However, field morphology is not 
enough by itself to determine biogenicity of cave pool features. Melim, et al. 2009 combined 
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field morphology, petrographic fabrics, scanning electron microscopy analysis and imaging, 
x-ray dispersive data, and geochemical analysis to argue for a biologic origin. The relationship 
between the paleo-biothems, current microbial communities, and pool geochemistry is not 
currently known. 
Understanding the link between the water chemistry and microbial communities 
present in the caves requires an in-depth study of the geochemistry of the waters. Flow paths 
for water movement in the caves must be understood since surface and subterranean 
structures influence water movement Likewise, localized processes altering the geochemistry, 
the location and composition of microbial communities, and the thermodynamic potential 
of cave waters to support life must all be known. Currently there is no model that examines 
the spatial relationship between the geochemistry of the cave pools and the implications  for 
the microbial communities of the pools in the Guadalupe Mountains.  
Previous Work
Active geochemical research on cave pools and cave waters in the Guadalupe 
Mountains started in 1965 and continues today. Boyer (1964) reported on the relationship 
between water chemistry and carbonate precipitation. Thrailkill (1971) gathered and 
analyzed water from drips and seeps in Carlsbad Cavern. Major ion concentrations were 
reported for 50 samples sites.  In 1971 and 1976 McLean reported on the rapid evaporation 
of cave pools in Carlsbad Cavern. The rapid evaporation was linked to the air flow out the 
elevator shaft. Williams, (1983) linked rainfall patterns to drip rates and pool levels and 
determined that there was a two to five week lag time in drip response to rainfall in Carlsbad 
Cavern. 
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The leak rate of pools in Carlsbad Cavern compared with the evaporation rate was 
studied by Ingraham et al. (1990) and Chapman et al. (1992) using stable isotopes and 
tritium activity. Both groups conclude that the cave pools studied leaked more then they 
evaporated. Human impact on Carlsbad Caverns was studied by Cadwell (1991) and Brooke 
(1996). Both determined the pools accessible by visitors had their geochemistry altered and 
that visitors altered the microbial communities. Hughes et al. (unpublished data) have shown 
that microbial communities of pools in the Big Room of Carlsbad Cavern (high impact) are 
significantly different and have less diversity of novel species then the microbial communities 
of the New Mexico Room (medium impact) and Lechuguilla Cave (low impact).
Forbes (2000) studies 10 pools in Carlsbad Cavern between 1994 and 1995. The 
study concluded that: little change in pool chemistry was detected over the two years; most 
pools contained waters that resembled rainwater interacting with carbonate; brackish waters 
were related to the presence of evaporate minerals; and mean water residence time in pools 
ranged from 1-16 years. Forbes also determined that the pCO2 of the cave atmosphere 
ranged from -3.5 to -2.8 and that the pools most likely contribute to the CO2 supply in 
Carlsbad Cavern. 
In the 2000 study of cave pools in Lechuguilla Cave, Turin and Plummer, (2001) 
identified four populations of water chemistry: Capitan aquifer like samples, average cave 
water (rainwater-calcite interactions), Briny Pool and Dilithium Pool waters. The first two 
types are the evolution of water as it moves from rainwater down to the water table. The last 
two waters are endmembers of different processes: extreme evaporation to the point of 
hypersalinity and gypsum-water interactions respectively.   
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Levy (2007, 2007a) examined geochemical trends in cave pools of Lechuguilla and 
oxidation-reduction chemistry of seeps in Lechuguilla. Levy determined that variations in 
concentrations of sulfate and nitrate in Lake Lechuguilla were most likely caused by 
variations in the vadose zone water and most cave pools have stable major ion 
concentrations. The redox study found that seeps account for sources of Mn and inorganic 
nitrogen. The seeps also contained low amounts of organic carbon.
2. Purpose and Scope
The intention of this work is to inventory previous geochemical data, identify 
location of cave pools containing water, sample pools for geochemistry, use microbial data 
from the studies of Moya et al. (2010) and Hughes et al. (unpublished data), identify surface 
and subterranean geologic structures, and analyze geochemical data for trends. The goal of 
this study is to incorporate geochemical data, microbial community analysis, and
geochemical modeling to better understanding the water-rock-microbe interactions in the 
cave pools. This includes 1) creation of a conceptual geochemical model of the evolution of 
cave pool geochemistry, 2) apply thermodynamic modeling (based on geochemical data) to 
create a profile of energy sources available for microbial communities, 3) examine the 
relationship between current geochemistry and pale-microbial communities in the cave 
pools, and discuss implications for geomicrobiology. 
3. Description of Field Area
Geologic Overview
The geology of the Guadalupe Mountains of New Mexico and west Texas has been 
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described by Lloyd, (1929), King, (1942, 1948), Hayes (1957, 1964) and others. Kues 
(2006) provides an overview of geologic studies prior to 1929 in the study area. 
The Guadalupe Mountains are at the eastern boundary of the Basin and Range 
province and form the edge of the Delaware Basin to the east. The Mountains (Figure 2a) are 
located on the eastern side of the Rio Grande Rift, an extensional feature that is 
superimposed over the Alvarado Ridge (Eaton 1986, 1987).  They are bounded to the west 
by the Salt Basin graben and the Pecos River valley to the east . The Pecos River Valley 
incised through the evaporite layers between the mountains and the Llano Estacado (Hiss, 
1980; Motts, 1968). They overlie the Huapache thrust fault that forms the Huapache 
monocline at the surface.  
Stratigraphy
The Upper Permian Capitan Platform is a mixture of carbonate and siliciclastic strata 
and makes up the core of the Guadalupe Mountains. The platform consists of four main 
areas: inner platform lagoon, shelf crest, outer platform, and the reef (Ahr et al, 2003). The 
carbonate platform laterally grades to evaporate facies shelfward. The platform strata are 
divided into three major back-reef sequences: Seven Rivers, Yates, and Tansill that are co-
equivalent to the Capitan reef (Kearns and Harris, 1993). A generalized stratigraphic section 
is shown in Figure 2b. These units, in addition to the Capitan Limestone, are the important 
units for cave pools, water flow paths, and potential microbial fuel sources. The Tansill and 
Yates formations are composed of dolomite interbedded with thin to thick beds of sandstone 
and siltstone. Dolomite beds grade from thin to thick as the Yates approaches the Capitan 
Limestone. The Seven Rivers formation is largely a dolomite layer although layers of siltstone 
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Figure 2. (a) Geologic map of Southeast New Mexico showing the study area. From Geologic 
Map of New Mexico, New Mexico Bureau of Geology and Mineral Resources, 2003, Scale 
1:500,000 showing the study area with limestone and dolomite dominating the surface.
cemented with dolomite comprise less than 1/10th  of the Seven Rivers. The Capitan 
Limestone, which rests disconformably on the Goat Seep formation, is divided into two 
units; the main reef of massive limestone and a fore-reef breccia unit. 
Structure 
The Guadalupe Mountains record two distinct deformational events. The first stage 
occurred during the Permian and includes the syndepositional faults and the second is related 
to uplift deformation during the Miocene-Pliocene. The Paleozoic structures are  NE-SW 
trending faults, folds, and fractures that are reef parallel;  the mid-Tertiary deformation is 
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Figure 2. (b) Generalized stratigraphic section (from Land, et al., 2006) of the study area. 
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characterized by NW-SE trending faults and joints that run parallel to the western 
escarpment and Huapache Monocline.
Syndepositional deformation of the reef platform occurred during the Permian (~260 
Ma). The carbonate platform was subjected to syndepositional faulting, folding, fracturing, 
and tilting (Saller, 1996; Hunt et al. 2002; Kosa and Hunt, 2006). Hunt et al., (2002) 
showed that the basinward expansion of the reef and geopetal data indicated that the 
platform was tilting around 12˙ during the Permian. The tilting and syndepositional faults 
have interpreted to have been caused by differential compaction of strata that the reef had 
prograded over. Kosa and Hunt (2006) describe the syndepositional faults as existing within 
the outermost 6 km of the Capitan reef platform south of the Guadalupe Ridge anticline and 
they extend laterally for around 33 km. The syndepositional faults occurring around 
Lechuguilla Cave tip out below small scale (10's of meters) antiforms and synforms and have 
a displacement around 10 meters.  
The reef platform ceased growth near the end of the Permian and became buried 
under sediments (Ulmer-Scholle et al. 1993). In the western United States the Laramide 
orogony resulted in regional uplift that may have formed the NE dipping Huapache 
Monocline. The Haupache Monocline deforms the platform locally by increasing dip of 3-5˙ 
(Hayes, 1964). Kosa and Hunt 2006 found in their study area small scale compressional 
folds, thrust faults, and NNW-SSE tectonic stylolites only in the siliclastic units. One 
interesting feature of Lechuguilla Cave that may be related to the Laramide Orogeny is the 
fault known as the Rift passage in the cave. This fault strikes NNW-SSE and in the cave 
contains breccias and slicken surfaces. On the surface it is expressed as severely deformed and 
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displaced rocks along the strike. Figure 3 shows the caves in relation to regional structures. 
Figure 3. Regional geologic structures in relation to CCNP caves. From Kosa and Hunt, 
2006. Two major geologic structures run parallel to the reef these are the Walnut Canyon 
syncline and Guadalupe Ridge anticline. Both structures impacts passages formation and 
development of later water flow paths. Syndepostional faults are not shown.
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Physical Anatomy of Cave Pools
Cave pools line the floors of the caves in the Guadalupe Mountains. The pools have 
variations in shapes, sizes, presence of biothems, and presence of water. Melim, unpublished; 
Gustafson, D., et al 2009; and Chawula, J. et. al. 2010 collected standardize cave pool field 
data over several years from Lechuguilla Cave and Carlsbad Cavern. The data collected was 
cave pool depth, surface area, presence of biothems, estimated flow direction, depth of 
biothems from shelfstone, and detailed documentation of the cave pool’s setting and 
surroundings. Cave pools studied ranged in length from 0.1 - 20.0 meters, with widths from 
0.08 – 15 meters,  depths ranging from 0.01 – 10 meters deep, and depths of water from dry 
to 6 meters deep. Pool edge features are typically made up of shelfstone, flowstone and/or 
rimstone dams. 
Study Locations
Carlsbad Caverns National Park and the Guadalupe Mountains
Carlsbad Cavern (CCNP) was establish by the National Park Service in 1923, and in 
1995 CCNP was designated a World Heritage Site. The Park contains over 100 caves within 
its boundaries, and the Guadalupe Mountains hosts over 300 caves. Figure 4 shows the 
location of the park and samples sites. Water and microbiological samples were collected 
along the length of the Guadalupe Mountains with the greatest concentration from Carlsbad 
Cavern and Lechuguilla Cave. 
Carlsbad Cavern and Lechuguilla Cave
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Samples were collected from Carlsbad Cavern, the most visited cave in the park and 
Lechuguilla Cave, 5.5 km northwest of the CCNP Visitor Center. Carlsbad Cavern and 
Lechuguilla Cave are examples of hypogenic sulfur speleogenesis. This is a process where H2S 
Figure 4. Locations of select caves in the study area in the south-eastern corner of New 
Mexico. CC is Carlsbad Caverns, SP is Spider Cave, LC is Lechuguilla Cave, HD is Hidden 
Cave, CW is Cottonwod Cave, and HB is Hell Below.
(derived from oil fields in the Delaware Basin and from microbial processes) was oxidized to 
sulfuric acid at the air/water interface (Davis, 1980; Hill, 1987; Duchene, 2006, 2009; 
Palmer et al. 2007, 2009).  Carlsbad Cavern has a surveyed length of 44.3 km and a depth of 
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316m. Lechuguilla Cave is a massive cave system consisting of 190+ km of surveyed passage 
and is one of the deepest caves in the continental United States at 489 meters depth. The 
cave pools in both Carlsbad Caverns and Lechuguilla cave are recharged by drip water the 
passed through the bedrock down fractures and faults (Figure 1). The cave pools contain 
diverse microbial communities that thrive in the absence of light. In additional to the cave 
pool microbial communities there exist active and paleo-biothems. Above ground the ecology 
is the Chihuahuan desert, this implies a minimal amount of organic input into the cave 
systems.  
4. Methods
Sample Collection and Preparation
Water samples were gathered over the 2008-2010 interval from individual pools 
located on cave survey maps. Field parameters (pH, conductivity, total dissolved solids 
(TDS), and temperature) were measured with an Oakton pH/CON 300 Series 
pH/conductivity/TDS/°C meter. Dissolved oxygen was measured with a YSI 550A 
Handheld Dissolved Oxygen meter. All samples were placed on ice and then refrigerated.
Cave pool water samples were collected in 125mL HDPE bottles for ions and 
nutrient analyses. Each bottle was rinsed three times with pool water and emptied into a 1L 
HDPE bottle.  To minimize degassing, all unfiltered, unacidified samples were collected with 
zero headspace by filling the bottle to overflowing and then capping. Samples for ICP 
analysis were filtered through a 0.45µm membrane filter attached to a sterile sampling 
syringe and acidified with 16N HNO3. Samples for IC and alkalinity analysis were not 
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filtered or treated. Nutrient samples were treated with HCl (for nitrate/phosphate analysis) or 
PMA (for organic carbon analysis). 
Water Chemistry Analysis
Samples were refrigerated in the lab at 4°C. Alkalinity was measured with the End 
Point Titration method with an Oakton Ion 6 Acorn Series pH/Ion/ºC Meter and 
standardized sulfuric acid. Sample bottles were opened right before alkalinity measurement 
to preserve the pCO2 of the sample. Samples were measured between 24 hours and two 
weeks after collection. Samples with low alkalinity were titrated with 0.02N H2SO4; those 
with high alkalinity were titrated with 0.2N H2SO4. 
Major ion and trace element chemistry was determined at the Analytical Chemistry 
Laboratory in the Department of Earth and Planetary Sciences (E&PS) at the University of 
New Mexico (UNM). Major cations and selected minor elements (to ppm level) were 
determined on a Perkin-Elmer ICP-OES. The ions determined include Ca, Mg, K, Na, and 
Ag, Al, As, B, Ba, Be, Cd, Co, Cr, Cu, Fe, Li, Mn, Ni, Pb, Se, Si, Sr, V, and Zn. Major 
anions were run on a Dionex DX-500 Ion Chromatograph. These ions include F, Cl, Br, 
NO3, NO2,  and SO4. 
Nutrient analysis was carried out at the Biology Annex Analytical Laboratories. NH4, 
NO3, and PO4 were analyzed on the Technicon AutoAnalyzer II following the procedures 
described in  in 98-70W: Technicon Industrial Methods, Technicon Industrial Systems, 
Tarrytown NY, 10591 (a) Ammonia in Water and Wastewater, Oct. 1973 (b) Nitrate and 
Nitrite in Water and Wastewater, Sept. 1973 (c) Ortho Phosphate in Water and Wastewater, 
July 1973 and 4500-NH3-G: Standard Methods for the Examination of Water and 
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Wastewater, 20th Edition, 1998, American Water Works Association, American Public 
Health Association, Water Environment Federation.
Stable isotopes of oxygen and hydrogen were determined in the UNM Earth and 
Planetary Sciences Stable Isotope Laboratory. Oxygen isotope ratios in waters were 
determined using the CO2 equilibration technique. The water samples (1mL each) were 
injected in borosilicate vials equipped with rubber septa, which were previously purged with 
He-CO2 gas mixture (0.5% CO2). After 24 hours equilibration at 25°C, the CO2 was 
measured by continuous flow isotope ratio mass spectrometry using an automated CombiPal 
– Gas Bench system coupled to a Thermo Finnigan Delta Plus mass spectrometer. The results 
were corrected using three laboratory standards (calibrated against international water 
standards) and are reported using the standard delta notation versus V-SMOW. Hydrogen 
isotope ratios were measured using the continuous flow high temperature reduction method 
(Sharp et al., 2001) using a TC-EA coupled to a Delta Plus XL Thermo-Finnigan mass 
spectrometer. The water samples (~2mL each) were injected in borosilicate vials equipped 
with rubber septa.
5. Geochemical Tracers
Major Ions
Major ion chemistry is useful for differentiating waters with similar chemical 
signatures. This is related directly to the evolution of the water and the stratigraphic facies the 
water passed through. Piper diagrams illustrate the relative concentration of the major anions 
and cations. Waters with similar chemical properties plot together on the Piper diagram. 
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Figure 5 breaks the Piper diamonds into different types of waters. Each region on the Piper 
diagram is a distinct hydrochemical facies (Back et al. 1966).   A summary of the statistics for 
the geochemical database used in this study is included in the data repository. 
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Figure 5. Piper diagram of the geochemical database including the Guadalupe Mountain 
study area showing cave pool waters, aquifer samples, and regional surface waters from 
Sacramento Mountains. A majority of the cave pools waters are plot on the upper left hand 
side of the diamond. These waters represent a range of waters that have interacted with the 
bedrock. The outliers are pools that have undergone extreme evaporation, derived of waters 
with a heavy gypsum influence. Hydrochemical facies diagram from Beck, 1966. Black are 
waters from Lechuguilla, light blue from Carlsbad Cavern, dark blue Capitan Aquifer 
samples, grey is from Lake of the White Roses.
Stable Isotopes
Water-rock interactions, mixing of ground waters, and evaporation have predictable 
effects on the stable isotope composition of water. These isotopes are also useful for 
determining altitude and climate effect on groundwater recharge, aiding determination of the 
source of the water. The δ18O notation is as follows:
The 18O accounts for 0.02% of all oxygen atoms and ~0.016% of hydrogen atoms are 2H or 
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δD (deuterium). The ratio of heavier to lighter isotope (18O /16O or D/2H) is expressed as the 
delta notation (δ18O or δD) relative to the standard Vienna Standard Mean Ocean Water (V-
SMOW). Negative values indicate relative depletion of the heavier isotope. (Drever, 1997; 
Sharp, 2007)
Preparation of Data for Statistical Analysis
There are multiple chemical and physical parameters in the data set which makes the 
study of the geochemistry a multivariate problem.  Multivariate statistical analysis is a 
quantitative method geochemical classification based on grouping of samples and correlation 
between chemical and physical parameters (Cloutier et al. 2008; Cloutier, 2004). Two 
statistical methods were used in this study: hierarchal cluster analysis (HCA) and principle 
component analysis (PCA). 
Hierarchal Cluster Analysis
Hierarchal Cluster Analysis (HCA) was carried out using the statistical software 
package R. HCA is a data classification technique (Davis, 1986). The HCA result for the 
geochemical data set is the dendrogram (Figure 6). The Euclidean distance measure 
(measurement of similarity) was choose to evaluate the different water samples. Water 
chemistry with the greatest similarity are grouped first and then a linkage rule is applied to 
the remaining groups. This rule is repeated until all samples are accounted for. For this 
project the Ward linkage method was used because it uses analysis of variance approach to 
determine distance between clusters. 
Geochemical clusters were assigned based on visual observation of the dendrogram. 
In this study the phenom line was drawn at a distance of about 30. The phenom line is a line 
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that is chosen by visual inspection of the data that divides the data in clusters that make sense 
Figure 6. Hierarchal cluster analysis for the geochemical database showing the division of 
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water chemistry into four clusters and their associated mean Stiff diagrams. The four water 
types can be described as: Mg–SO4 type water, Alkaline earth-mixed type, Mixed-HCO3-SO4 
type, and the dominate water type Mg-HCO3
in connection with field data. Samples with a linkage distance of less then 30 are grouped in 
the same cluster.
Principle Component Analysis
Principle Component Analysis (PCA) was calculated using the statistical software 
package R with the bpca and psych packages added in. PCA is a statistical method for 
observing trends in a multivariate dataset. PCA was used on the major ions from cave pool 
waters. PCA is useful for differentiating waters with similar chemistry but different flow 
paths. PCA should be a good method to determine hydrochemical differences among the 
cave pools and if any geochemical pattern can be determined. Hydrochemical facies 
determination is typically done with the first three principle components (Lee at. al., 2007).  
PCA was applied to the whole database of charged balanced cave pool waters. The 
dataset consists of 190+ water samples and 7 parameters. These parameters include Ca, Mg, 
Na, K, HCO3, Cl, SO4.
PHREEQC
Inverse modeling was done on the geochemical clusters identified in the HCA to 
study the evolution of rainwater to the six endmembers. The major ion chemistry was the 
basis for choosing solid phases as reactants in the modeling. PHRREQC was also used to 
calculate saturation index for calcite, dolomite, gypsum, and the partial pressure of CO2. 
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PhreePlot
PhreePlot is a software package written by David Kinniburgh available at 
http://www.phreeplot.org/index.html . PhreePlot allows the creation of predominace 
diagrams and mineral stability plots with an embedded version of PHREEQC.  Plots of the 
activity Ca2+ against pH and pCO2 against pH were plotted using PhreePlot for the cave pool 
waters. 
Thermodynamic Energy Profile
By combining geochemical data and microbial sequencing from the field with 
thermodynamic calculations a quantitative analysis of the availability and amount of energy 
for microbial metabolic reactions can be determined (Shock, 2010). Laboratory 
measurements of major, minor and trace elements combined with field parameters (such as 
pH and temperature) were used to evaluate the chemical activities of all the species in the 
water sample.  The chemical activities and calculated equilibrium constants describe how far 
out of equilibrium each sample site is which leads to chemical affinity. The chemical affinity 
in turn allows a calculation of energy per electron transferred and ranking of bacterial 
metabolic reactions (Amend and Shock, 2001; Amend et al. 2003; Shock, 2005) for a given 
sample site. 
Energy is available to microbial life if the reaction is not in equilibrium. The amount 
of energy that can be gained from a reaction is given by the chemical affinity, A (Helgeson, 
1979). This is defined as the change in the Gibbs Free Energy (∆G) as the reaction progresses 
(Kondepudi and Prigogine, 1998). This is given by the following equation:
A = RT ln Kr/Qr
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where R is the gas constant, T is temperature, Kr is the equilibrium constant, and Qr is the 
activity product given by:
Qr =  ∏aivI,R
where ai is the activity of each reactant and product, vI,R is the stoichiometric reaction 
coefficient. And finally the equilibrium constant is related to the Gibbs Free energy (∆GR´) by
RT ln Kr = -∆GR´
To evaluate the activity product (Qr) geochemical data from the field is used to calculate the 
activity coefficients from concentrations using PHREEQC (Parkhurst et al. 1980, 1990). 
With the activities calculated by the Debye-Hückle equation through PHREEQC, and a 
∆GR that is a temperature corrected Gibbs Free Energy the chemical affinity can be 
calculated. The chemical affinity is divided by the number of electrons transferred for a given 
microbial metabolic reaction to give the final amount of energy transferred per electron mole. 
This data is then ranked in the order of highest to lowest and compared with microbial DNA 
extracted from the water. 
6. Results
Water Chemistry
The waters sampled and compiled for this study have a pH from 6.2 - 8.54, vary in 
temperature from 11˚C - 25.5˚C, range in TDS from 0.4 - 42000 ppm, and alkalinities 
between 0.3 - 1190 ppm.  The complete database used for this study is contained in the data 
repository. 
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Major Ions
The water chemistries from the study fell into several hydrochemical facies as shown 
on the Piper diagram (Figure 5). The dominant water type from the Piper is the Mg-HCO3 
type waters. The Ca-HCO3 type and Mg-Cl type make up the remaining small percentage. 
Several of the Mg-Cl type water trend toward the SO4 endmember on the Piper. 
Hierarchal Cluster Analysis
The phenom line on the cluster dendrogram (Figure 6) divides the geochemical data 
set into four clusters (C1-C4). Water samples from C1 and C2 are at a higher distance from 
the remaining clusters indicting these samples are geochemical distinct.  Clusters C3 and C4 
are slightly dissimilar based on their linkage distances. 
The characteristics of the geochemical clusters are described by their mean 
geochemical values as presented in Appendix F, Table 1. The clusters are described by the 
same 7 parameters used in the Piper diagram and water type category as describe by Cloutier, 
2004. The major ions were used to establish a mean water chemistry type for each cluster. 
The mean cluster geochemistry data is represented by the Stiff diagrams and ground water 
type (Figure 6) on the hierarchal cluster dendrogram. 
The Stiff diagrams, ground water types, and mean geochemistry show four distinctive 
groups (or classes) of waters in the Guadalupe Mountain cave pools. Samples from C1 (n=2) 
are characterized as Mg-SO4 type water with all major ions elevated except for Ca. Waters 
from the C2 (n=16) cluster are characterized as alkaline earth-mixed anion waters. C2 waters 
have elevated Ca and SO4 relative to Mg and lower bicarbonate values then most of the cave 
pool waters.  Cluster 2 waters are currently only found in Lechuguilla Cave. C3 waters 
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(n=31) were typed as mixed-HCO3-SO4 waters. These waters have elevated values of Mg and 
SO4 compared to Ca and HCO3. C4 waters are classified as Mg-HCO3 types waters (n=129). 
C4 are characterized by elevated Mg relative to Ca and elevated SO4. Appendix F, Table 2 
summarizes the hierarchical cluster analysis of the four groups and includes two additional 
endmembers. 
Principle Component Analysis
The first five components account for 98.0% of the total variance in the dataset. The 
Varimax normalized rotation was applied to the data set to maximize the variance of the first 
five principle component axes. The appendix contains the principle components and their 
loadings.  The principle component loadings represent how important each variable is for the 
component. The first two components explain 84% of the variance in the system. The 
remaining three components are not as important and explain 26% of the variance. Figure 7 
shows the first two component scores with geochemical axes labeled, compilation of all the 
geochemical data transformed by PCA, and the position of the loadings.  
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Figure 7. a) Plot of first two Varimax rotated principle component scores with assigned 
geochemical axises based on loadings of the components
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Figure 7. b) PC1 and PC2 with geochemical processes responsible for current cave pool 
waters
Cl/Br ratios
Cl/Br ratios (Figure 8) were calculated on a subset (N=70) of the geochemical 
database (Br values are not available for most of the historic water data). The Cl/Br ratios for 
the major anion groups in the study area: HCO3 dominated water Cl/Br ratios ranged from 
5-200 and the SO4 dominated waters range from 40-130. There is not a strict definition of 
what constitutes a dilute water from the Cl:Br ratio plots (Jagucki, 2001). The shaded area in 
blue represents a range of the most dilute waters found in the Guadalupe Mountains. The 
Cl/Br curves were calculated using a simple binary mixing model as proposed by 
Whittemoore, 1988. 
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Figure 8 Binary mixing curves for chloride to bromide mixing ratios of cave pools waters in 
the Guadalupe Mountains. Lechuguilla cave pools exhibit two trends while Carlsbad Caverns 
data points are scattered. 
Lechuguilla Cave and Carlsbad Caverns have different mean dilute waters for the 
endmembers. The halite saturation curve was constructed by using PHREEQC to equilibrate 
the mean dilute water with halite. Five of the 70 waters fall within the range of water 
interacting with halite. The remaining cave pools fall on either side of the halite saturation 
curve. On the far right of the plot are Briny Pool (from Lechuguilla) and Iron Pool (from 
Carlsbad Cavern). 
Stable Isotopes
The Global Meteoric Water Line (GMWL) was developed as a reference line and 
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represents the mean values of δD and δ18O for world precipitation as the equation δD = 
8*δ18O + 10 (Craig, 1961). The equation for the GMWL is a least squares fit through 
several thousand data points covering meteoric waters from around the world. Typically 
water from warmer climates will plot on the heavier (more positive) end of the GMWL while 
water from colder climates trends toward the lighter (more negative) end.  
Local meteoric water lines (LMWL) are plotted on Figure 9. The LMWL include 
Sacramento Mountains, Bitter Lakes area which plot to the left of the GMWL, and the 
South Eastern New Mexico line which plots to the left of the GMWL.  
Figure 9 Stable isotope data for cave pools, springs, and regional waters in and around the 
Guadalupe Mountains. Also included are local meteoric water lines and GMWL. Most of the 
cave pool waters sampled are similar to modern Delaware Basin waters. The data plots in 
such a way that a local meteoric water line for the cave pools could be plotted given more 
data. 
Four factors can impact the values for plotted LMWL: 1) evaporation, where waters develop 
a heavier isotopic ratio and 2) old waters that undergo water-rock interaction and 
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hydrothermal alteration will maintain their δD values while concentrating the heavier δ18O 
values 3) rainout accounts for decreasing δ18O and δD values as latitude increases 4) as 
altitude increases δ18O and δD become lighter (Sharp, 2007).
All of the cave pool waters except for one plotted to the right of GMWL and the two 
LMWL (Sacramento Mountains and Bitter Lake). The cave pool waters for Lechuguilla had a 
range between -58 to -56 per mil δD and -8.33 to -8 δ18O. Carlsbad Caverns had the largest 
range with δD from -57.0 to -28.29% and  δ18O from -8.3 to -5.0. The cave pools from the 
High Guadalupe caves were split into two groups. The samples from Hell Below were in the 
middle of the values from Lechuguilla and the samples from Cottonwood cave fell in the 
middle of the Carlsbad Caverns samples. Additional stable isotope data was compiled from 
Lambert, 1987 and Turin, personal communication. 
Saturation Indices and Predominance Plots
The saturation indices were computed using PHREEQC. Calcite, dolomite, and 
gypsum were picked as the mostly likely minerals affecting the water chemistry in the study 
area. The saturation indices are reported in the data repository. A majority of the cave pool 
waters are saturated with respect to calcite and dolomite.  There are 16 pools that are 
undersaturated with respect to calcite and dolomite. The pool waters are undersaturated with 
respect to gypsum except for Dilithium Crystal Pool which is in equilibrium with gypsum.   
The partial pressure of CO2 gas was calculated for all water samples using 
PHREEQC. The pCO2 of groundwater in equilibrium with atmospheric CO2 should be 
<10-3.5 (Crossey et al. 2006). The average atmospheric pCO2 in the Guadalupe caves lies 
around -2.7. There are 3 samples with pCO2 lower then 10-3.5 Longfellow's Bathtub (CC), 
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Pink Dot Pool (LC) and Hudson Bay (LC); 166 samples between 10-3.5 and 10-2.0 pCO2 
(consistent with infiltrating soil waters) and 8 samples with a pCO2 ranging from 10-2.0 to 
10-0.09. These are Lake Lechuguilla, Lake of the White Roses, MNBX-39, and Sulfur Shores 
in Lechuguilla; Rocks of Ages, Doll's Theatre in Carlsbad Cavern, and finally outlets at 
White City Well and Dark Canyon.
The predominance diagram of the H-Ca-CO3 system is shown in Figure 10. The 
majority of cave pools in the Guadalupe Mountains plot in the calcite field with 11 plotting 
in the Ca2+ field. The outline box in Figure 10 shows the range of pCO2 values found in the 
atmosphere in Carlsbad Cavern. The mineral stability diagram in Figure 11 shows the 
majority of the cave pool waters plotting in the calcite stability field and the remaining 11 are 
in the Ca2+ stability field. 
Figure 10. Predominance plot of the H-
Ca-CO3 system of the Guadalupe 
Mountains cave pools. The black circles 
are from Lechuguilla Cave, green circles 
are from Carlsbad Caverns, purple are 
High Guads samples, and blue are Capitan 
Aquifer samples. The plot shows that the 
majority of cave pool waters plot in the 
calcite field which is consistent with the SI 
Calcite calculations and infiltrating 
groundwater moving through dolomitized 
limestone. The black rectangle is the range 
of measured atmospheric in Carlsbad 
Cavern. 
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Figure 11. Mineral stability plot with the 
log activity of Ca2+ plotted against the pH 
of cave pool waters. The majority of the 
waters plot in the calcite stability field. 
This is consistent with the SI Calcite 
calculations, geochemistry, and field 
observations. 
Inverse Modeling
Inverse modeling was used to identify the evolution of water from dilute cave waters 
to water group endmembers identified by the hierarchal cluster analysis and Lake of the 
White Roses (in contact with the potentiometric surface of the Capitan Aquifer) in 
Lechuguilla Cave. Solid phase reactants were chosen from the most likely minerals to alter 
the water chemistry and that are present in the field site. The user defines the initial water 
composition, the minerals  allowed to participate in the reactions, and the final water 
composition. The hypothesis tested with the inverse modeling was: can the variation in cave 
pool geochemistry be explained by dissolution of dolomite, evaporation of water, outgasing 
of CO2, and interactions with calcite and gypsum. Halite was added for mass balance since 
the waters have small variations in Na and Cl concentrations. Further discussion of the 
methods and equations used in the inverse modeling can be found in Parkhurst, 1997. 
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Thermodynamic Energy Profile
In order to determine the theoretical potential sources of chemical energy available to 
microbial communities in the cave pools were assessed in several plots. The A/e ref line was 
determined as to be a typically low temperature cave water for the study area. All other cave 
waters were plotted against this reference water. Positive affinities indicates that there is 
energy available in the system for the reaction as written. Negative affinities show that there is 
energy available for the reverse reaction. Affinities near zero indicate minimal or no energy 
available from that reaction. The following electron acceptors that could produce abundant 
energy for microbial reactions were determined: (in order of decreasing positive affinities) 
nitrite, oxygen, nitrate, elemental sulfur, sulfate, and hematite. 
7. Discussion
Major Ions
The cave pool waters in the Guadalupe Mountains are spread across several different 
hydrochemical facies. The largest grouping of waters is the Mg-HCO3 group. The majority 
(~n=170) of cave waters from the Guadalupe Mountains fall in this facies. This is due to 
infiltrating water interacting with the bedrock surrounding the caves which is  dolomitized 
limestone and the precipitation of calcite with drives the waters to the Mg-endmember. The 
Mg-SO4 group contains only cave pool waters from Carlsbad Caverns and Lechuguilla. There 
are several sources of gypsum in the study area. One source is the large gypsum deposits left 
over from the sulfuric acid speleogenesis and the second source is from the evaporite layers in 
the backreef units. The Ca-SO4 group contains a smaller number of cave pools which consists 
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of waters that have interacted primarily with gypsum.  The next group is Ca-HCO3 group 
that consists of the Capitan Aquifer samples and 17 cave pool waters (8 from Lechuguilla 
Cave and the remaining from Carlsbad Cavern). The cave pools in the study area are spread 
out along the left side of the Piper diagram indicating high levels of magnesium compared to 
calcium, and bicarbonate typical of water interacting with dolomitized limestone and/or 
precipitating calcite. 
There are two outliers worth discussing (Iron Pool and Briny Pool) that reflect a 
much higher TDS and different endmember processes. Iron Pool in Carlsbad Cavern is 
located in Left Hand Tunnel and has a greenish tint. Iron Pool is also chemical stratified with 
varying pH, TDS, and conductivity. Results from the Cl/Br plot and PCA plot indicate that 
evaporation is the primary process which accounts for the odd chemistry. Briny Pool (in 
Lechuguilla Cave) is likely an evaporate pool as well with data from Cl/Br ratios, PCA 
results, and field observations. Twenty pools were analyzed for their microbial biomass. These 
pools spanned the range of geochemistry on the Piper diagram from the Mg-HCO3 
endmember to the Ca-HCO3 endmember, and included one Mg-SO4 evaporate endmember.
Statistical Analysis
HCA
 The first cluster (C1) are two pools that are evaporite pools and mineral precipitating 
pools. These represent extreme endmembers of cave pool processes in the Guadalupe 
Mountains. Cluster 2 is unique to Lechuguilla Cave. These waters have a much lower TDS 
and major ion values then the other waters. A majority of these waters lie on the 
syndepositional faults or other structures in and around Lechuguilla Cave. Cluster 3 shows 
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the localized effects of varying amounts of gypsum on the cave pool chemistry and represents 
interesting endmembers ranging from Dilithium Crystal Pool (gypsum pool) to Longfellow's 
Bathtub (gypsum blocks placed in the pool). The majority of the cave pool samples belong to 
cluster 4 which is typed as Mg-HCO3 water. This is consistent with infiltrating waters 
interacting with dolomitized limestone.  
PCA
Figure 7a and 7b contains the loadings for the principle components. Loadings 
indicate the importance of each variable for a given component. Component 1 explains the 
greatest amount of variance with high positive loadings in Mg, Na, K, Cl, SO4 and positive 
loadings for HCO3. Component 2 has high positive loadings in Ca and moderately positive 
loadings in SO4. Figure 7a shows a plot of the position of the loadings with respect to the 
principle component axis one and two. The first two components are describe based on the 
characteristics of the loading values. Principle component 1 is labeled as salinity/alkalinity 
due to the association of K, Cl, Na, Mg, and HCO3. Principle component 2 is labeled as the 
gypsum axis due to the association of Ca and SO4. Component 3 has a low-moderately 
positive loading for HCO3. Component 4 and 5 have low positive loadings for K and Cl. 
These components are most likely related to local effects on water chemistry.   
There is a relationship between the component scores and the hydrogeologic context. 
Component 1 is assigned the label of alkalinity/salinity. High positive scores are linked with 
carbonates and salt inputs.  There are a handful of moderately positive cave pool waters as 
well indicating longer flow paths through the dolomite or possible microbial input. The near 
zero scores are associated with pools that have interactive with the dolomite or 
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dolomite/gypsum. The most negative scores for component 1 are associated with pools that 
are recharged with infiltrating water in the form of drips and the Capitan aquifer samples. 
Elevated scores for Component 2 are associated with a large gypsum input.  The extreme 
endmembers of Briny Pool and Iron Pool have the highest positive score for component 2. 
The PCA analysis can be linked with geochemical processes. In Figure 7b the various 
cave pools evolutionary paths are laid over the component scores. The PCA analysis was 
combined with geochemical data and field observations. Starting at the top of 7b pools that 
contain water that dissolved gypsum trend to the up and right; such as Longfellow's Bath 
Tub, LaBarge Borehole pool system, and Dilithium Pool (a purely gypsum pool). Typical 
cave pools are ones that plot diagonally and to the right. These pools are a results of 
infiltrating water dissolved dolomitized bedrock. The majority of the cave pools fall into this 
category as shown on the Piper diagram as well. Both pools that have additional salt input 
are located in Carlsbad Caverns (Across from Big Shelf and North of Cross). The evaporite 
pools (Iron Pool and Briny Pool) lie along the evaporation axis straight right of typically 
dilute cave pool water. The Mystery Room and Green Lake Room pool fall on a line of 
evaporation plus increasing alkalinity. 
An easier way to visualize how the PCA reflects local processes in the pool chemistry 
can be seen in the figures in Appendix G. These maps show the pool locations and principle 
components. Appendix G, Figure 1 shows Lechuguilla Cave waters reflecting typical dilute 
cave waters (low loadings for salinity and alkalinity). There are a few areas where this is an 
exception: Briny Pool, which is deeper in the cave and is evaporating and several pools 
around the Liberty Bell area which are showing local bedrock interactions. Appendix 
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GFigure 2 overlays the principle component 2 (gypsum). Several areas show places where 
water has dissolved gypsum. The LaBarge Borehole, Sugarlands, downslope of Liberty Bell, 
and the Deep Seas area are examples of this.
Carlsbad Cavern pools show similar localized bedrock effects when plotted with the 
principle components 1 and 2. Appendix G, Figures 3 and 4 show some dilute typically caves 
waters and again the waters reflect interactions with local gypsum. The highest component 
loading for both PC 1 and 2 is Iron Pool another evaporite pool. The PCA, HCA, 
geochemical processes and hydrologic context are summarized in Table 4.
Cl/Br ratios
Chloride and bromide are found in all natural waters. The Cl/Br ratio is useful for 
understanding water flow paths due to the predictable change in the ratio from geologic 
processes. There are changes in the Cl/Br ratio by location: oceans typically have a Cl/Br 
ration of 650 (Davis et al., 1998) while arid climates trend towards lower Cl/Br ratios. No 
mixing of waters has been discovered between the pools in the Guadalupe Mountains. Only 
handful of waters show a simple case of binary mixing. Five pools fall between the upper and 
lower limit for dilute water saturated with halite. The remaining pool waters reflect the reality 
of a complex system of water and water-rock interactions. Briny Pool and Iron Pool show an 
evaporation process based on the the data moving straight right over time. 
Stable Isotopes
The stable isotope values for sampled cave pools in Carlsbad Cavern (δD -55 to -15 
and δ18O from -7.5 to -1.5) are spread out across a larger range then the pools in Lechuguilla 
Cave (δD -60 to -35 and δ18O -9 to -4.5) and the Lechugilla pools are isotopically lighter 
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then the pools in Carlsbad Cavern. This suggests that evaporation plays a larger role in the 
Carlsbad Cavern pools. Newton, et. al. , 2001 and Turin and Plummer, 2001 both noted the 
the differences in the stable isotope population between Carlsbad Cavern and Lechuguilla 
Cave. Turin and Plumer suggested the main cause of the distinct populations is due to 
Carlsbad Cavern having a large natural entrance which allows for evaporation and interaction 
with the atmosphere compared with Lechuguilla which has no natural entrance.  
Calcium and Alkalinities Plot
The majority of the cave pool waters plot under the 1 to 1 line for calcium against 
alkalinity (Figure 12). Sixteen pools plot above the 1 to 1 line indicating additional source of 
calcium input other then the dolomitized limestone of the reef. The Lake Chandelar area and 
Lake LaBarge area have fresh drip waters coming in that flow through gypsum in the area 
(Levy et al., 2010; Davis et al., 1990). The pool in the far upper left (Bellchord, Longfellow's, 
and Aragonite) are all pools that have massive gypsum block in or near them. Dilithium Pool 
is one of the extreme endmembers whose water has evolved from interaction with gypsum. 
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Figure 12. Plot of calcium against alkalinity showing that the majority of waters fall under 
the 1:1 line and several pools plot above the 1:1 line. Pools above the 1:1 line have additional 
calcium input from gypsum those under the line represent more typical dolomite-water 
interactions. 
Saturation Indices
There are 17 samples that are of interest because calculated calcite saturation shows 
that these pools are undersaturated with respect to calcite. The 17 samples are located in 
Lechuguilla Cave (n=13), Carlsbad Cavern (n=3), and Capitan Aquifer (n=1).  The 
remaining waters from Lechuguilla and Carlsbad Caverns are waters that didn't have time to 
equilibrate with the Capitan Limestone. Several of the pools in Lechuguilla that are 
undersaturated with respect to calcite are drinking water sources with active infiltrating drips. 
Inverse Modeling
The inverse modeling requires that mineral and gas phases be input into the model. 
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The phases were derived from field observations in and around the cave systems. The initial 
solution used in the inverse modeling was a dilute cave pool water (pools at Liberty Bell in 
Lechuguilla Cave). These waters are relatively fresh, based on the Piper diagram and 
PCA/HCA analysis, compared to other cave pool waters. The pools at Liberty Bell represent 
waters that have interacted with the dolomitized limestone and minor inputs from other 
minerals. The graphical summary of the inverse modeling results are in Figure 13. 
The cave pools model were chosen from the Piper diagram. 98% of the cave pool in 
the Guadalupe fall on the left hand side of the Piper diamond. Three pool were picked to 
represented the lower, middle, and top portion of the left hand side of the diamond. Briny 
was chosen as an extreme endmember due to it's high concentration of majors with the 
exception of Ca2+ . The inverse modeling results (N=1) of Lake Chandelar, which represents a 
low alkalinity drinking water supply in the cave, shows a single solution that involves the 
precipitation of calcite, chloromagnesite, hydromagnesite, outgasing of CO2, and dissolution 
of gypsum and halite.  The inverse modeling results (N=2) of Bridge Pool, which represents 
typically cave waters, show common solutions that involve outgasing of CO2, precipitation of 
chloromagnesite, and dissolution of halite. The inverse modeling results (N=3) of Dilithium 
Crystal Pool, which represents a high Mg water, show common solutions that involve the 
outgasing of CO2, precipitation of calcite and halite, and dissolution of gypsum. Two of the 
solutions for Dilithium require the evaporation of water to reach the necessary 
concentrations in the pool.
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Figure 13 Graphical representation of inverse model showing how a fews simple sets of 
conditions can give rise to the range of waters groups. Circles are proportional to the number 
of moles require to satisfy the model. Blue represent dissolution and grey represents 
precipitation. Halite is present in small amounts as a mass balance requirement. 
The inverse modeling results (N=3) of Briny Pool, which is a pool with a TDS of 38,000+ 
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show common solutions that involve the precipitation of calcite and chloromagnesite, 
dissolution of gypsum, halite, and sylvite. 
Geochemistry Links to Geomicrobiology
Two different thermodynamic models were created to provide links between the 
geochemistry and microbiology in the cave pools. The first model is a way of quantifying 
available geochemical energy for microbial reactions by creating energy profiles. The second 
thermodynamic model yields predictions of microbial growth and community composition. 
Using the geochemical data and the calculations as described in the Methods section 
several plots of Affinity against pH were plotted. Across the 170 pools examined there were 
34 viable inorganic reactions (Appendix F, Table 3). Figure 14 shows the conceptual 
framework for understanding the affinity against pH plots.  Affinity values near zero indicate 
the reaction is not favorable as an energy source for microbial groups. Positive values show 
that the reaction provides available energy in the direction written while negative values 
means energy is available in the reverse direction. Several graphs (specific plots included in 
appendix)  were created to examining the different electron acceptors (oxygen, nitrate, 
nitrite, and sulfate).
Overall the affinities involving oxygen as an electron acceptor are positive with one 
reaction crossing the boundary from favorable to unfavorable. Most affinities show a weak 
dependence on pH (representing geochemical differences). This can be seen in the following 
reaction:
S + 3/2O2(aq) + H2O → SO4-2 + 2H+
and
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2H2(g) + O2(aq) → 2H2O
Three reactions do not follow this trend and their affinities range from moderately to strongly 
dependent on pH. 
NH3(aq) + 1.5O2(aq) → H+ + NO2- + H2O
Fe+2 + 1/4O2(aq) + H+ → Fe+3 + 1/2H2O
Mn+2 + 1/2O2 + H2O → MnO2 + 2H+
The slope of affinities for these reactions is governed by H+. If H+ is a product then the slope 
is negative for the reaction, if H+ is a reactant then the slope is positive. The scattering of data 
in some of the reactions is due to geochemical variation of the different cave pools that can 
have differing amounts of water-rock interaction and  varying microbial communities. The 
amount of variability in the affinities can have a large impact on the potential structure of 
microbial communities.
For the affinity plots with NO3- and NO2-- as the electron acceptor all the reactions 
involving NO3- have positive affinities. All the reactions have a moderate to strong 
dependence on pH (geochemical variation). One reaction in particular has a large scattering 
of data points  
2Fe+2 + NO3- + 2H2O → Hematite + NO2- + 4H+
This is due to the large variation of nitrate across all the cave pools. It is not readily apparent 
what controls the sign of the slope for reactions involving NO3- .  
Reactions with NO2- as the electron acceptor shows little variation with changing 
geochemical compositions except for the following reaction
2Fe+2 + NO2- + 10H2O →  3Magnetite + NH4+ + 16H+
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This dependence on pH is associated with a combination of the differences in iron, nitrite, 
and ammonium in the cave pool waters. 
Both sulfur and sulfate (in the form of gypsum) are abundant in the Guadalupe 
Mountains as byproducts from the sulfuric acid speleologensis. Sulfur can be reduced to H2S 
and to pyrite and sulfate can be reduced  while coupled to inorganic electron donors. Only 
one reaction has positive affinity across the range of pH. This reaction is
2H+ + SO4-2 → H2S(aq) + 2O2(aq)
and only ranges from minimal energy production to slightly moderation energy production. 
The remaining reactions have negative affinities and would produce energy in the reverse 
direction. This indicates that inorganic sulfate reaction is not very favorable in this 
environment. As will be seen in the next section heterotrophic sulfate reduction is much 
more thermodynamically favored in this environment.  
There are only two reactions involving sulfur as the electron acceptor and only the 
first one is positive. The reaction
2Sulfur + 3Fe2+ + 3H2O → Pyrite + Hematite + 6H+  
has a large scattering of data points again reflecting how the variation in geochemistry is an 
important factor in determining energy available to microbial communities. 
A bigger picture comparison of the distribution of microbial reactions of the sampled 
cave pools is needed. Figure 14 presents an overall view of the cave pools in the Guadalupe 
Mountains. 21 of the reactions are positive regardless of pH and these indicate energy sources 
that are available throughout all the cave pools. Another 5 reactions change affinity sign. This 
suggests the different chemical compositions of the pools provided varying geochemical 
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energy for microbial communities.  The remaining 8 with negative affinity signs provide no 
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Figure 14 Ranking of all available inorganic microbial reactions from cave pools in the 
Guadalupe Mountains. The larger black circles are a typical cave water used as a reference 
point. The available energy is a reflection of the unique geochemistry in each pool. Similar to 
the Piper diagram the available energy is spread out across a wide range.  
energy in the direction written. Overall predicted reactions involving nitrite, oxygen, nitrate, 
and sulfate dominate the autotrophic communities in the Guadalupe Mountains.
Paleo-biothems and pool geochemistry
The relationship between paleo-biothems and geochemistry of the cave pools is of 
particular interest. The UNM study collected DNA data, geochemistry, and noted the 
presence or absence of biothems in pools. Out of 20 pools sampled for DNA and 
geochemistry 6 contained no biothems. These pools were examined on the Piper diagram to 
determine if there was a connection between major ion chemistry and biothems. The pools 
were scattered across the left hand side of the Piper diagram indicting the typical range of 
pool waters and no clustering based on biogenic features. PCA was then used to see if there 
was existed a pattern in the major ion chemistry, saturation indicies (of calcite and gypsum), 
and pCO2 values. The PCA loadings indicted that the data varied regardless of biogenic pool 
features. 
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8. Conclusions
The waters in the cave pools have a complicated history and relationship to the 
surrounding bedrock. Each pool represents a slightly different end point for water moving 
through the Guadalupe Mountains. The cave has an important history of formation from 
upwelling H2S mixing with surface water, former surface springs, a declining water table with 
connections to the regional aquifer, and finally modern water. The dominant water 
Figure 15. Piper diagram of the generalized geochemical processes involved in the evolution 
of infiltrated waters in the Guadalupe Mountains, NM. Five different processes govern the 
evolution of cave pool water chemistry. Three of the processes are variations on water-rock 
interactions, one is evaporating plus precipitating minerals,  finally water-rock interaction 
with precipitation of calcite. 
48
occupying the pools today reflects infiltrating CO2-charged meteoric water, acquisition of Ca 
& Mg and additional bicarbonate from bedrock dolomite, subsequent precipitation of calcite 
(enriched in Mg). Locally, the water evolves to a more Ca-sulfate endmember due to 
dissolution of local bedrock gypsum. In two cases, the water chemistry is dominated by 
evaporation processes. Table 4 summarizes the geochemistry groups and shows the groups: in 
a hydrologic context; identifies geochemical processes associated with each group; 
representative pools. The connection between all these factors allows a model of cave pool 
water  evolution to be developed. Figure 15 and Figure 16 show how the six water groups can 
be formed from a single dilute water. This dilute water is a cave pool water (Hudson Bay, 
Lechuguilla Cave) that has undergone minimal water-rock interaction. The Piper diagram 
(Figure 15) shows the most likely geochemical evolution path of each water group with 
geochemical processes overlaid. The localized geologic processes that influence the variation 
in pool geochemistry also have a large impact on the energy sources available for microbial 
life. 
The geochemical data set for the Guadalupe Mountains allowed calculations of 36 
oxidation-reduction reactions that are important to microbial communities. From these 
diagrams several hypothesizes about the microbial community can be constructed. With O2 
as an electron acceptor the reactions involving NH3 (aq) and Fe+2 on the product side cross 
the zero affinity line. This would suggest that the microbial communities involved change 
metabolic processes over the range of pH. Another example comes from the plots using SO4-2 
as the electron acceptor. The plot of affinity against pH shows that autotrophic sulfate 
reduction is not favorable in the environment and can be verified by looking at phylogenic 
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trees. 
Figure 16 Generalized diagram of geochemical evolution of cave pools in the Guadalupe 
Mountains. This diagram shows the five geochemical processes with the water chemistry 
clusters overlaid. All the current cave pool geochemistries can be describe by these processes 
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and water grouping.
These hypotheses and others generated from the energetic profile can be tested by 
conducting a microbiological survey across the different pools. Hughes et al. (2010) reported 
on the relative proportion of clones sequenced from nine cave pools in the Guadalupe 
Mountains. Seven of the pools are located in Carlsbad Caverns, two in Lechuguilla, and one 
from Hell Below (in the high Guadalupe Mountains). In eight of the nine pools Nitrospira 
was identified along with Betaproteobacteria. Both of these phyla were predicted to have 
energy available from the available geochemistry to use in metabolic processes. The biothems 
(paloe-microbial communities) present in pools are not connected to the modern 
geochemistry of the pools.  
Implications for Geomicrobiology
The major ion chemistry analysis, as shown in the Piper diagram, allowed us to target 
pools for DNA analysis covering a range geochemistries. Each pool sampled for DNA had a 
distinct microbial community that was not related to other communities even through some 
of the waters plotted in the same area on the Piper diagram. The statistical analysis and 
connections to geochemical and hydrologic processes showed a similar pattern as the major 
ion chemistry. The broad classification scheme for four main groups of water contained very 
divergent communities even though the waters clustered into the same geochemical water 
groupings. This implies that very localized changes in pool geochemistry are driving diversity 
in microbial communities. The analysis of the thermodynamic potential to support metabolic 
reactions confirms that variations in pH and localized modification of infiltrated water can 
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produce large changes in the favorability of metabolic reactions. More then half the pools in 
the Guadalupe Mountains show a calculated pCO2 higher then measured cave atmospheric 
pCO2. This implies that pools are a source of cave CO2 and the microbial communities could 
be contributing to the increased levels of CO2 around the cave pools. The extent that the 
microbial communities are modifying the geochemistry (either passively or actively) in the 
pools and contributing to the dissolution and precipitation of minerals is currently 
unknown. 
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Appendix A - Geochemical Data Set for the Guadalupe Mountains, NM
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Appendix B - Geomicrobiology Thermodynamic Plots
The series of plots that following show more detail of the thermodynamic potential of the 
cave pool waters to support microbial metabolic reactions. The change in slope of the 
predicted energetic reactions is from variations on pH. Some reactions can move from 
favorable to unfavorable (or vice versa) over range of pHs. This means that energy available to 
microbial communities is dependent on pH. Variations in kJ per mole electron transferred 
are due to local geochemical conditions (Shock, 2010). 
Appendix D, Figure 1.
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Appendix D, Figure 2.
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Appendix D, Figure 4. 
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Appendix C – Structural Geology Results
Appendix C, Figure 1. This is an equal area lower hemisphere projection of planes of faults, 
syndepositional faults, and surface syn-anti forms. The area bounded by the green planes are 
the range of syndepositional faults found by Kosa and Hunt, 2006 and Kooser, unpublished 
around Lechuguilla Cave. The red plane is the mean bedding plane, the orange plane is the 
Lechguilla Entrance antiform, the black plane is the mean LaBarge fault plane, and the blue 
is the Rift fault plane and related surface structures. 
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Appendix C, Figure 2. GIS images showing the distribution of cave pools with water in plan 
view from Carlsbad Cavern and Lechuguilla Cave. There is a increase in pool density on the 
NE-SW structures (Permian syndepositional faults and fractures) and the NW-SE structures 
(Cenezoic extension related faults). The E-W anticline and syncline (Laramide compression 
related) are not shown and generally are associated with surface springs. 
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Appendix D - PHREEQC and PHREEPLOT Input File Examples
Appendix E, Example 1. Solution spreadsheet for calculating SI of calcite, dolomite, gypsum, 
partial pressure of CO2, and activities of Ca+2 and SO4-2. 
SOLUTION_SPREAD 
    units    mg/L 
Description Temperature pH Ca Mg Na K Alkalinity Cl S(6) 
as HCO3 
1 14.70 8.90 47.12 168.30 109.30 22.25 361.55 161.98 229.98
2 14.90 8.17 24.85 81.29 32.70 8.59 289.22 46.54 264.17
3 14.60 8.41 32.53 11.48 5.49 0.99 151.63 4.75 18.43
4 14.00 8.41 28.40 18.12 4.60 0.96 187.02 2.78 8.37
5 14.30 8.69 105.00 33.46 7.89 2.43 130.58 5.64 489.11
6 13.40 7.73 24.81 65.62 6.41 1.09 156.81 6.87 75.28
7 13.30 8.02 22.68 69.29 6.67 1.11 312.41 7.25 81.53
8 15.80 7.89 20.50 35.24 5.99 0.78 200.75 4.67 16.52
SELECTED_OUTPUT 
-file gumo_select.txt 
-saturation_indices Calcite Dolomite Gypsum CO2(g)
-activities Ca+2 SO4-2 
-simulation False 
-state False 
-distance False 
-time False 
-step False
-pe false 
END
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Appendix E, Example 2. Inverse modeling PHREEQC input file for geochemical evolution 
from G1 to G2
Inverse modeling from G1 to G2 
SOLUTION 1 G1 
        units   ppm 
        pH    7.87 
        Ca    25.6 
        Mg    28.0 
        Na    3.7 
        K     3.54 
        Alkalinity 206 as HCO3 
        Cl    5.7 
        S(6)  13.5 
SOLUTION 2  Lake Chandelar 
        units   ppm 
        pH     8.1 
        Ca     145.66 
        Mg     64.70 
        Na     16.24 
        K      7.43 
        Alkalinity 216.43 as HCO3 
        Cl     20.75 
        S(6)   273.83 
INVERSE_MODELING 
-solution 1 2 
-uncertainty 0.2 
-range 
-minimal 
-balances 
Ca 
K 
Mg 
S(6) 
Na 
Cl 
        -phases 
Calcite 
Dolomite        diss 
CO2(g)          prec 
H2O(g)          prec 
Gypsum 
Halite 
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K-Feldspar      diss 
-mineral_water true 
END
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Appendix E, Example 3. Script to create predominance diagram of the H-Ca-CO3 system for 
the cave pools of the Gaudalupe Mountains. 
SPECIATION
  calculationType                      ht1
  calculationMethod                    1
  mainSpecies                          Ca
  xmin                                 6
  xmax                                 9
  ymin                                 -4.0
  ymax                                 0
  resolution                           200
PLOT
  multiPageFile                        true
  plotTitle                            "H-Ca-CO<sub>3</sub>"
  xtitle                               "pH"
  ytitle                               "log <i>f</i> CO<sub>2</sub>(g)"
  extraSymbolsLines        "extra_symb.dat"
  extraText        "extratextcalcite.dat"
#debug 2
CHEMISTRY
include ht1.inc                                                      # standard 'hunt and track' file
#PRINT
# reset t
PHASES
Fix_Ca+2
  Ca+2 = Ca+2
  log_k 0.0
Fix_SO4
  SO4-2 = SO4-2
  log_k 0.0
SOLUTION 1
   temp      18
   pH        8
   units     mmol/kgw
   density   1
   -water    1 # kg
   Na        1
   Cl        1
END
USE solution 1
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EQUILIBRIUM_PHASES 1
   Fix_H+   -<x_axis> NaOH 8
     -force_equality true
   CO2(g)   <y_axis> 2
Fix_Ca+2 -3 CaCl2
Fix_SO4 -3 Na2SO4 
   Brucite                        0 0
   Calcite                        0 0
   Gypsum                         0 0
END
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Appendix F – Data Tables
Table 1Descriptive statistics for 191 water samples (in mg/L)
Parameters Minimum Mean Maximum Median
Standard 
Deviation
Ca 0.62 57.92 566 34.2 79.76
Mg 1.5 151.6 6120 34.5 724.37
Na 0.14 104.04 4740 4.41 569.74
K 0 16.52 695 0.86 80.69
HCO3 5.32 268.95 1330 233 176.37
Cl 0.08 99.16 4465 4.75 544.64
SO4 0 512.28 25175 40 2960.91
Table 2 Geochemical characteristics of each water group (median concentration, 
mg/L) and water types as defined by Cloutier, 2004. Water groups 2-5 were identified from 
the hierarchical cluster analysis (C1-4). Groups 1 and 2 were identified as endmembers for 
use in creating the overall model. 
HCA n pH Ca Mg Na K HCO3 Cl SO4 TDS Water 
Type
Group 1 1 7.8 25 28 4 4 206 6 13 286 Mg-mixed anions
Group 2 C3 31 8.1 145 64 16 7 216 21 273 745 Mixed-HCO3-SO4
Group 3 C2 16 8.0 58 33 6 0.01 143 111 164 368 Alkaline earth-mixed
Group 4 C4 129 8.0 150 64 17 7 225 21 282 766 Ca-HCO3
Group 5 C1 2 8.4 40 3041 2440 384 876 2338 11463 20584 Mg–SO4
Group 6 1 7.34 33 29 3 1 310 23 26 406 Mixed-HCO3
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Table 3 Ranked potential microbial energetic reactions in the Guadalupe Mountains 
(after Shock, 2010)
9Fe2+ + NO2- + 10H2O → 3Magnetite + NH4+ + 16H+ nitrite
8Goethite + H2S(aq) + 14H+ → SO42- + 8Fe2+ + 12H2O oxygen
S + 3/2O2(aq) + H2O → SO42- + 2H+ oxygen
2H2(g) + O2(aq) → 2H2O oxygen
NH4+ + 3/2 O2(aq) → NO2- + 2H+ + H2O oxygen
2Fe2+ + NO3- + 2H2O → Hematite + NO2- + 4H+ nitrate
NH4+ + 2O2(aq) → NO2- + 2H+ + H2O oxygen
3H2(g) + NO2- + 2H+ → NH4+ + 2H2O nitrite
NO2- + 1/2O2(aq) → NO3- oxygen
S + 3NO3- + H2O → SO42- + 3NO2- + 2H+ nitrate
NH3(aq) + 1.5O2(aq) → H+ + NO2- + H2O oxygen
NH4+ + 3NO3- → 2H+ + 4NO2- + H2O nitrate
H2(g) + NO3- → NO2- + H2O nitrate
Fe2+ + 1/4O2(aq) + H+ → Fe3+ + 1/2H2O oxygen
H2O + 4NO2- + 2H+ → NH4+ + 3NO3- nitrite
2H+ + SO42- → H2S(aq) + 2O2(aq) sulfate
Mn2+ + 1/2O2 + H2O → MnO2 + 2H+ oxygen
O2(aq) + 4H+ → 2H2O oxygen
3H2(g) + SO42- + 2H+ → Sulfur + 4H2O sulfate
3NH4+ + 4SO42- + 2H+ → 4Sulfur + 3NO3- + 7H2O sulfate
NH4+ + SO42- → Sulfur + NO2- + 2H2O sulfate
Hematite + H2(aq) + 2H+ → 2Fe2+ + 3H2O hematite
H2O + NO2- + 2H+ → NH4+ + 3/2O2(aq) nitrite
4NH4+ + 3SO42- → 3H2S(aq) + 4NO2- + 2H+ + 4H2O sulfate
Sulfur + 3Hematite + 10H+ → 6Fe2+ + SO42- + 5H2O hematite
Hematite + H2(g) + 4H+ → 2Fe2+ + 3H2O hematite
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Table 4 Relationship between HCA groundwater groups, hydrologic contexts, and geochemical processes in the Guadalupe 
Mountains, New Mexico
Group
s
HCA 
Cluster
n Hydrologic context Geochemical Process Representative Pools Resulting water 
types1
(Cloutier, 2004)
G1 1 Rapid infiltration through soil and fracture 
dolomite. Very dilute. Not in equilibrium 
with bedrock.
Soil/Water interaction
-increased pCO2
Water/Rock interaction
-Bedrock dissolution
Hudson Bay Mg-mixed anions
G2 C3 31 Infiltrating water and perched pools Water/Rock interaction
-Dolomite/Gyspum 
dissolution
-Calcite precipitation
Mirror Lake, Tower 
Place, Longfellow's, 
Dilithium
Ca-mixed anions
G3 2 C2 16 Infiltrated water, pools hydrologically 
connected in the past
Water/Rock interaction
-Carbonate dissolution
-Dolomite dissolution
Sugarlands, Lake 
Chandelar, LaBarge
Alkaline earth-
mixed
G4 C4 129 Infiltrating water interaction, perched pools, 
pools hydrologically connected in the past. 
Water/Rock interaction
-Carbonate dissolution
-Gypsum dissolution
Oasis, Texas Pool, 
Crystal Springs, 
Vesuvius 
Mg-HCO3
G5 C1 2 Perched pools, no interaction with infiltrating 
water
Water/Rock interaction
-Evaporation
-Calcite, gypsum 
precipitation 
Briny Pool, Iron Pool Mg-SO4
G6 1 Aquifer under unconfined conditions pools at 
or near potentiometric surface
Water/Rock interaction
-Dissolution of dolomite
-Mixing w/ endogenic 
waters
Lake of the White 
Roses
Mixed-HCO3
Notes:
1 - Water types were determine by calculating the percent meq/L of each ion. Ions with 20% or more were considered dominate. Ions between 10-20% were 
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considered mixed. Alkaline earth types are classified by having both Mg and Ca between 10-20% meq. 
2 - G3 only occurs in Lechuguilla Cave
Italicize groups are groups identified as endmembers from the Piper diagram. Groups G2-G5 are from the hierarchical cluster analysis
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Appendix G – Geochemical Overlay Maps
Figure 1.
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Figure 2.
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Figure 3.
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Figure 4.
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